An axiom of life-history theory, and fundamental to our understanding of ageing, is that animals must trade-off their allocation of resources since energy and nutrients are limited. Therefore, animals cannot 'have it all'-combine high rates of fecundity with extended lifespans. The idea of life-history trade-offs was recently challenged by the discovery that ageing may be governed by a small subset of molecular processes independent of fitness. We tested the 'trade-off' and 'having it all' theories by examining the fecundities of C57BL/6J mice placed onto four different dietary treatments that generated caloric intakes from K21 to C8.6% of controls. We predicted body fat would be deposited in relation to caloric intake. Excessive body fat is known to cause co-morbidities that shorten lifespan, while caloric restriction enhances somatic protection and increases longevity. The trade-off model predicts that increased fat would be tolerated because reproductive gain offsets shortened longevity, while animals on a restricted intake would sacrifice reproduction for lifespan extension. The responses of body fat to treatments followed our expectations, however, there was a negative relationship between reproductive performance (fecundity, litter mass) and historical intake/body fat. Our dietary restricted animals had lower protein oxidative damage and appeared able to combine life-history traits in a manner contrary to traditional expectations by having increased fecundity with the potential to have extended lifespans.
INTRODUCTION
A fundamental axiom of our understanding of life-history evolution and ageing in animals is that they work with a limited resource base and are, therefore, forced to tradeoff certain life-history parameters against each other. Resultant life histories then reflect optimal resource allocation to these competing demands under a variety of external constraints (Stearns 1992) . This approach dates back to Fisher's seminal contributions concerning trade-offs in resource allocation and their consequences for survival and fecundity (Fisher 1930) , and has formed the basis of the entire field of life-history evolution (Stearns 1992) . Our understanding of the evolutionary basis of ageing, in the disposable soma hypothesis (Kirkwood 1992; Austad 1997) , is derived from this same framework. Animals cannot 'have it all', i.e. combine long lifespans with high reproductive output.
The responses of animals to caloric restriction (McCay et al. 1935; Walford et al. 1987) , have been previously interpreted within in this framework. When animals are calorically restricted to at least 40% of baseline intake they experience an increase in longevity roughly proportional to the extent of restriction (Merry 2002) . The effect is reproducible in a wide variety of organisms from Caenorhabditis elegans to Drosophila and mice (Vaupel et al. 2003; Weindruch 2004 ). The increase in longevity when calorically restricted is classically interpreted as a reallocation of resources away from reproduction capacity into somatic protection (Weindruch & Walford 1982; Shanley & Kirkwood 2000) . Molecular work supports the notion that mechanisms are switched on during caloric restriction that reduce oxidative damage (Merry 2002 ).
Conversely, when mice are fed diets that are high in fat many strains increase in body mass (BM) due to fat storage (West et al. 1992) . Excess body fatness, however, leads to a variety of inflammatory states and comorbidities such as heart disease and diabetes that generally shorten lifespan (Lyon et al. 2003) . The animals may tolerate this reduction in longevity because the stored fat may be utilized to support high levels of reproductive output. A trade-off between somatic protection and reproduction is therefore presumed to underpin the responses to historical levels of calorie intake. This hypothesis suggests that calorically restricted animals would have lowered fecundity relative to non-restricted animals but animals historically fed on high-fat diets would be able to divert their stored fat to support elevated reproductive outputs.
In a recent review (Partridge et al. 2005) , the fundamental trade-off axiom was challenged. Partridge et al. (2005) reviewed molecular studies on the physiology underlying differential rates of ageing in mutant organisms (yeast (Lin et al. 2000) , C. elegans (Kenyon et al. 1993) and Drosophila (Clancy et al. 2001; Tatar et al. 2001) ) and indicated that ageing appears to be governed by a relatively small set of key molecular processes (Hsin & Kenyon 1999; Guarente & Kenyon 2000; Lithgow & Gill 2003; Nemoto & Finkel 2004; Huang et al. 2004 ). This has also been suggested by recent studies in mice (Holzenberger et al. 2003) . The regulation of molecular processes may be independent of the presumed trade-offs between survival and reproduction. By this interpretation 'having it all' may not be an impossible scenario. If this were the case the implications for our understanding of life histories and ageing would be profound. However, Partridge et al. (2005) point out a failure in the literature to refute a tradeoff between reproduction and lifespan extension in dietary restricted mice. In the current study, we aimed to test the 'trade-off' and 'having it all' hypotheses by examining the fecundities of mice that had been historically placed on caloric restriction, fed a normal diet or diets that are high in fat content.
MATERIAL AND METHODS
Female C57BL/6J mice (nZ152; Harlan UK Ltd., Oxon, UK) at six weeks of age were kept in a 12 : 12 h light : dark photoperiod and held in accordance with Home Office regulations. Animals received an ad libitum supply of laboratory chow (Rat and Mouse Breeder Grower diet CRM; Special Diet Services, Essex, UK; 12.5 kJ g K1 metabolizable energy) and were mated for 16 days when they were seven weeks of age to ensure all animals were fertile before receiving treatment. After weaning (i.e. 21 days after birth) and a 10 day recovery period, all animals were placed on a 30 day measurement period, during which the animals were measured daily for BM and food intake (FI). Body composition was measured once at the end of this 30 day period using a PixiMus2 DXA (GE Medical Systems Ultrasound and BMD, Bedford, UK). Fat mass (FM) and lean mass (LM) were estimated by DXA then corrected using an equation developed specifically for our machine ( Johnston et al. 2005) .
Following the measurement period animals received either an ad libitum supply of control (10% kcal fat; nZ35), medium fat (45% kcal fat; nZ40) or high fat (60% kcal fat, nZ40) diet (Research Diets Inc., NJ, USA; D12450B, D12451 and D12492, respectively) or a daily ration of 75% matched control intake (nZ40). Measurements were repeated at week nine of treatment when the animals were six months old. Ten animals from each group received treatment for 16 weeks and then culled. Liver and gastrocnemius muscle were harvested and snap frozen in liquid nitrogen. Homogenates in a buffer containing 250 mM sucrose, 25 mM HEPES, 10 mM MgCl 2 and 1 mM EDTA were diluted to 1 mg protein ml K1 and analysed for protein carbonyl content by ELISA as described by Sitte et al. (1998) . The remaining animals in each group (nZ30 except for controls nZ25) were removed from treatment after 11 weeks and placed on ad libitum laboratory chow for 10 days prior to pairing for 6 days with proven breeder male C57BL/6J mice (Harlan UK Ltd., Oxon, UK). Both the females and their pups were weighed at birth and weaning (i.e. 21 days after birth).
Statistical analysis was carried out using GenStat seventh edition (VSN International Ltd., UK). Chi-squared tests were used to compare the number of animals that were successful or failed to give birth to live pups in each treatment group. General ANOVA using dietary treatment group and/or stage (pre-treatment versus post-treatment or birth versus weaning) with interactions in the model and blocked for animal, and post hoc t-tests were used to assess differences between diets. ) were both different from all other treatments ( p!0.001). The FI at the end of the nine week treatment was lower than the intake prior to the animals being placed on the treatments in all the ad libitum fed mice, however, the apparent energy assimilation efficiency of animals on the purified diets at post-treatment (93.8%) was greater than on the cerealbased chow pre-treatment (82.6%; p!0.001). Assuming the decline in metabolizable intake in the ad libitum groups was linear, the estimated total energy intakes over the nine weeks of treatment plus the 30 days of measurement were 4212, 4083 and 3880, for the high fat, medium fat and control animals, respectively, while in the restricted animals total intake was 3042 kJ. These represented C8.6, C5.2, 0 and K21.6% of the intake of the control mice, respectively (% values calculated as ((value/control)K1)!100).
RESULTS
Body masses reflected the different levels of energy intake (figure 1). Body masses at week nine were significantly different from those one week before treatment for each group ( p!0.05). By week nine, the animals receiving the control diet had an increase in BM of on an average 1.1Gs.e.m. 0.25 g (4.5%), while the animals receiving the medium and high-fat diets increased their body masses by an average of 5.3G0.46 (22%) and 9.4G0.62 g (38%), respectively. The change in BM was due predominately to change in FM, as control, medium and high-fat diet fed animals did not experience a significant change in LM, but significantly increased FM (figure 2). Animals receiving the restricted diet lost on an average 1.3G0.32 g (K5.5%) of BM, which was attributed to a decrease in LM while FM increased (figure 2). Large errors in small animal DXA estimates of FM have been shown for animals with less than 5 g of fat ( Johnston et al. 2005 ) and since LM is calculated by subtraction of FM from total tissue mass, both LM and FM for restricted animals may be incorrect. This may also explain why FM of restricted animals was not different from controls post-treatment.
The protocol of removing breeding animals from treatment and providing them with ad libitum supply of standard laboratory chow for 10 days prior to mating removed any immediate impact of the dietary treatments on fecundity. Control animals maintained their BM once they were removed from treatment and animals that received the medium fat diet appeared to defend their heavier BM (figure 1). However, the high fat fed animals rapidly lost BM when they were returned to chow diet. Both medium and high fat fed animals remained significantly heavier than controls at birth, but only the high fat fed animals were heavier than controls at weaning (figure 3). Animals previously on the restricted diet recovered BM within the 10 days prior to mating and were not significantly different in BM from the controls at birth, and continued to gain weight during lactation so that they were heavier than controls at weaning ( figure 3) .
All of the animals tested for breeding success posttreatment were successful at giving birth before treatment. Holinka & Finch (1981) showed that C57BL/6J females with one previous pregnancy were 77% successful when mated again at eight months of age. Consistent with this report, we found that 72% of control animals successfully gave birth when they were 7.5 months of age (table 1) . However, only 53% of animals fed medium fat, and 40% of animals fed high-fat diet were successful at giving birth after treatment. In contrast to these treatment groups, animals receiving the restricted diet were 90% successful at giving birth.
The pre-treatment mating of the animals tested for breeding success post-treatment resulted in the birth and weaning of, on average, 6.8G0.13 pups per litter, with an average litter mass of 12.5G0.18 g at birth and of 58.3G 1.04 g at weaning. For the animals that went on to become controls, treatment did not affect birth litter mass ( pretreatment: 11.2G0.33 g, post-treatment: 11.3G0.96 g; pZ0.8), or number of pups born per litter (pre: 6.2G0.25 pups, post: 5.2G0.69 pups; pZ0.3). Animals fed the medium fat diet had lighter litters (pre: 12.6G0.48 g, post: 10.3G0.83 g; p!0.005) and fewer pups at birth post-treatment (pre: 6.9G0.33 pups, post: 4.6G0.60 pups; p!0.001) but were not different from controls for litter mass or size post-treatment.
Animals fed the high-fat diet gave birth to litters that were significantly smaller in mass (pre: 13.0G0.43 g, post: 9.0G1.02 g; p!0.001) and size (pre: 7.3G0.22 pups, post: 3.8G0.53 pups; p!0.001) than pre-treatment Figure 2 . Body composition of female C57BL/6J mice was measured once during a 30 day period ca 10 days after pups from the pre-treatment test mating had been weaned (21 days after birth) and again when females were six months of age after nine weeks of treatment (restricted, nZ37; control, nZ35; medium fat, nZ40; high fat, nZ40). (a) LM and (b) fat mass were estimated by DXA then corrected using an equation developed specifically for our machine. Error bars represent standard error of the means and columns without a common letter are significantly different ( p!0.05, ANOVA with post hoc t-tests). litters. Treatment with high-fat diet significantly decreased litter mass and size relative to controls at birth (figures 4 and 5). Litters at birth post-treatment were not different from pre-treatment for dietary restricted animals in mass (pre: 12.7G0.37 g, post: 13.2G0.52 g; pZ0.5) or size (pre: 6.6G0.27 pups, post: 7.0G0.39 pups; pZ0.4). While the post-treatment litter masses at birth for restricted animals were not different from controls, restricted animals gave birth to litters with significantly more pups per litter than animals receiving the other treatments including the controls post-treatment (figure 5).
At post-treatment weaning, the animals that received the high-fat diet weaned significantly lighter litters and fewer pups than control animals (figures 4 and 5). Animals that had received the medium fat diet weaned litters that were not different in mass or size from control litters. However, dietary restricted animals weaned bigger, heavier litters than controls post-treatment and litters were also heavier than at pre-treatment for the same animals.
BM of control animals that were not removed from treatment for post-treatment breeding was the same at nine weeks and 15 weeks of treatment (figure 1). Dietary restricted animals also maintained a stable BM, but medium fat and high-fat diet fed animals both continued to gain weight to 15 weeks of treatment (figure 1). Of the animals that were not selected for post-treatment breeding, 35% failed to give birth pre-treatment. Levels of protein carbonyls in the tissues of non-parous animals were not different from single parity animals (liver: nonparous 0.094G0.0187 nmol mg K1 protein; single parity 0.098G0.0159; pZ0.8 and muscle: non-parous 0.094G 0.0259; single parity 0.11G0.024; pZ0.4) and there was no interaction between parity and dietary treatment (liver: pZ0.8; muscle pZ0.3). Dietary treatment significantly affected the protein carbonyl content of liver and muscle (figure 6). Dietary restricted animals had lower levels of protein carbonyls than controls in both liver and muscle. Protein carbonyl levels of medium fat fed animals were the same as controls for liver but lower than controls for muscle. Protein carbonyl content of liver and muscle in high-fat fed animals was lower than controls and not different from dietary restricted animals.
DISCUSSION
A priori, from the classical trade-off model of life-history evolution, we predicted that mice under caloric restriction would show reduced fecundity because they would have spent the previous three months devoting their reduced resources to somatic protection rather than reproductive capacity and, as a consequence, would have lowered energy reserves to support a reproductive event. In contrast, we expected those mice fed high-fat diets would have large deposited reserves available, on which they could draw to support elevated levels of fecundity and reproductive output. Indeed, the changes in BM under the different dietary treatments followed our predictions. Unexpectedly, however, animals that received a restricted diet appeared no different in FM from controls after treatment, although this result may be confounded by errors in estimating FM using small animal DXA. Therefore, with the exception of the restricted diet animals, stored fat was directly proportional to the levels of caloric intake. However, when we examined levels of fecundity the pattern was completely opposite to that predicted from the trade-off model. The mice that had the greatest reserves also had levels of fecundity that were only about half those of the mice that had been previously in caloric restriction.
Mechanistically, the reason why the mice with the highest levels of fat storage had the poorest fecundity may reflect endocrine consequences that attend high levels of fatness. Tortoriello et al. (2004) showed that dietary induced obese female DBA/2J mice had increased neuropeptide-Y expression leading to suppressed GnRH and reduced fertility, but they failed to bring about dietary-induced obesity in C57BL/6J females that were fed the same diet as medium fat fed animals in the present study. Our medium fat fed animals had greater FM than controls post-treatment but similar fecundity while our high-fat fed animals had reduced fecundity perhaps resulting from suppressed GnRH as shown in the DBA/ 2J mice (Tortoriello et al. 2004) .
Alternatively, oxidative stress, which is generally presumed to be the mechanism that leads to reduced survival (Weindruch 2004) , may have parallel effects on reproductive performance in animals with high energy intake. Reduced free radical production and delayed ageing may explain why animals on the restricted diet were the most capable breeders. Consistent with this Figure 3 . Post-treatment body mass of females that gave birth to live pups and weaned litters 21 days after birth (restricted, nZ27; control, nZ18; medium fat, nZ16; high fat, nZ12). Error bars represent standard error of the means and columns without a common letter differ ( p!0.05, ANOVA with post hoc t-tests). Yet another alternative to explain these results is a phenomenon known as 'flushing' in sheep, where animals on a rising plane of nutrition have higher reproductive success than those on a decreasing plane of nutrition. Sheep, in low body condition, on a high plane of nutrition for 17 days prior to mating resulted in higher ovulation and conception rates than in sheep in high condition placed on a low plane of nutrition (Gunn et al. 1984; Gunn et al. 1991) . This may be analogous to events of the present study where mice fed the high-fat diet may have been on a decreasing plane of nutrition when returned to chow diet and mice that had their dietary restriction lifted may have been on a rising plane of nutrition. It is unknown what effect flushing has on future survival in sheep.
In mice, caloric restriction implemented as late as 12 months of age extends lifespan (Weindruch & Walford 1982) . Thus, in the present study, restricted intake imposed after the post-treatment reproduction may lead to increased longevity when compared to non-restricted mice. Whatever the mechanisms invoked, in contrast to the rodent studies outlined by Partridge et al. (2005) , in the present study the effect of dietary restriction was that the mice have the potential to live longer and thus were capable of 'having it all'. These data have important implications. If animals are capable of having both high levels of somatic protection and therefore enhanced longevity at the same time as high fecundity, then why do they not routinely combine these options in nature? Perhaps observing trade-offs in these parameters is critically dependent on the ecological context in which the traits are expressed. Mice in the wild may be differentially exposed to predation, e.g. which obviously was not a feature of the laboratory environment in which we studied them. However, resolving our data in this framework would be difficult because it would be expected that risk of predation might increase as a function of body weight and fat storage (Witter & Cuthill 1993; Rands & Cuthill 2001; Covas et al. 2002) and so might exacerbate rather than annul the observations we have made. If such an ecological context explanation proves not to be the case then a fundamental rethink of our whole conceptualization of the evolutionary processes involved in life-history evolution and ageing may be indicated.
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